Molecular mechanisms and signaling pathways leading to cellular proliferation and lesion formation in the crescentic glomerulonephritis (CGN) remain elusive. In the present study we have explored a potential role of the mammalian target of rapamycin complex 1 (mTORC1) signaling pathway and amino acid transporter (LAT) in the pathogenesis of CGN. Immunohistochemistry and western blot analysis of glomeruli isolated from a rat model of CGN revealed that activation of mTORC1 preceded crescent formation in glomerular parietal epithelial cells (PECs) and podocytes. Daily treatment of rats with the mTOR inhibitor everolimus just after induction of CGN was not beneficial and instead led to increased cellular necrosis of PECs. However, daily treatment starting 7 days after the onset of CGN was beneficial and maintained intact glomeruli. Out of three forms of L-type neutral amino acid transporters (LAT1-LAT3) studied here, only LAT2 was found to be upregulated in the PECs and podocytes in advance of the crescent formation as well as in the crescent lesion itself. Cell culture study revealed that plasma membrane expression of LAT2 markedly stimulated mTORC1 signaling pathway, which was significantly abrogated by coexistence of LAT inhibitor. Finally, LAT inhibitor significantly abrogated development of crescent formation of CGN on day 7. Our data suggest that LAT2 may have a pivotal role in the pathogenesis of CGN by activating the mTORC1 pathway in the glomerular epithelial cells.
Crescentic glomerulonephritis (CGN) is the most severe form of glomerulonephritis, and if untreated, progresses to endstage renal failure within days or weeks of diagnosis. Despite different etiologies and clinical manifestations among patients with CGN, there is a common glomerular pathology characterized by the disruption of glomerular basement membrane (GBM), followed by the flow of plasma proteins and inflammatory cells into the Bowman's space. 1 Several studies suggest that proliferating glomerular epithelial cells and accumulation of infiltrated macrophages are the main components of the cellular crescents. [2] [3] [4] [5] [6] Recent reports have further revealed that the cellular crescent lesions in CGN consist of podocytes in addition to glomerular parietal epithelial cells (PECs) and macrophages. [7] [8] [9] It is increasingly evident that proinflammatory cytokines and growth hormones released by proliferating cells in the glomerulus are involved in the pathogenesis of crescent formation. [10] [11] [12] [13] These factors stimulate the p38 mitogen-activated protein kinase (MAPK) pathway, resulting in the production of inflammatory mediators. [14] [15] [16] The involvement of the MAPK pathway in the pathogenesis of CGN was first reported by Bokemeyer et al, 17 who demonstrated a rapid and sustained activation of extracellular signal-regulated kinase in the glomeruli isolated from rat model of anti-GBM nephritis. A further study demonstrated that both podocytes and the crescent lesion are the main source of p38MAPK activation, although additional signaling pathways could not be excluded. 18 Recent studies suggest that the mammalian target of rapamycin complex 1 (mTORC1) cascade has a regulatory role in the signaling pathways that control cellular growth and proliferation. 19, 20 Signaling through the mTORC1 pathway is activated by growth factors and nutrients, of which branched-chain amino acids (BCAA) are potent intracellular stimulators. [21] [22] [23] [24] Active transport of amino acids across the plasma membrane is mediated by several types of amino acid transporters, among which the system L amino acid transporter (LAT) family preferentially selects BCAA as their substrates. 25, 26 So far, four LATs (LAT1-LAT4) have been identified at the molecular level. LAT1 27 has been found in many malignant cells; 28, 29 however, its clear expression in normal tissues has been only reported in the vascular endothelial cells forming the blood-brain barrier 30, 31 and syncytiotrophoblastic cells of the placenta. 32 Expression of LAT2 has been shown in the epithelium of kidney proximal tubules and the digestive tract. [33] [34] [35] [36] [37] LAT3 and LAT4 have been localized to the apical plasma membrane of podocytes 38 and the distal tubules and collecting ducts, 39 respectively. In the present study, we have used a rat model of CGN to investigate the activation of mTORC1 pathway as a possible underlying factor in the crescent formation of glomerular epithelial cells. We show that the activation of mTORC1 pathway precedes the crescent formation in the glomeruli of rats with CGN and that the functional activity of LAT2 on the plasma membrane of cells stimulates mTORC1 signaling pathway.
MATERIALS AND METHODS Antibodies and Reagents
Polyclonal antibodies against human LAT1 (JH5501), human LAT2 (JH6524), rat LAT2 (JH7057) and rat heavy chain of 4F2 antigen (4F2hc) (JH5502) were obtained from Trans Genic (Kumamoto, Japan). Anti-mouse LAT3 polyclonal antibody was previously described. 38 The following antibodies were purchased from the suppliers as indicated: anti-phospho-S6 ribosomal protein rabbit monoclonal (91B2) (Ser235/236), anti-p70S6 kinase rabbit polyclonal, anti-phospho-p70S6 kinase rabbit polyclonal (Thr389), anti-4E-BP1 rabbit polyclonal and anti-phospho-4E-BP1 rabbit polyclonal (Tyr37/46) (Cell Signaling Technology, Beverly, MA, USA); anti-vascular endothelial growth factor (VEGF) monoclonal (Novus Biologicals, Littleton, CO, USA); anti-AKT1 phospho-specific (pS473) polyclonal (Rockland, Gilbertsville, PA, USA); anti-b-actin monoclonal (SigmaAldrich, St Louis, MO, USA); goat anti-mouse and goat antirabbit horseradish peroxidase (Dako, Kyoto, Japan) and Alexa Fluor 488-conjugated goat anti-rabbit IgG (Molecular Probes, Eugene, OR, USA). Nephritogenic anti-GBM monoclonal antibody (clone b35) was purchased from Chondrex (Redmond, Wash, USA). 40 Microemulsion formulations (self-microemulsifying drug delivery system) of mTOR inhibitor, everolimus, and vehicle, were kindly donated by Novartis Pharma AG (Basel, Switzerland). 2-Amino-2 norbornate-carboxylic acid (BCH), a specific functional inhibitor of LAT1 and LAT2, was purchased from Sigma.
Animal Experiments
All animal experiments were conducted according to the guidelines of the Laboratory Animals Center of Kyorin University School of Medicine. In the present study, a total of 67 female WKY/NCrj rats between 4 and 6 weeks old and weighing 100-180 g were purchased from Charles River Japan (Yokohama, Japan). We performed three animal experiments as indicated in Supplementary Table 1. Experiment 1 was conducted to determine the development of CGN and remove the kidney and isolate glomeruli. To do so, anti-GBM antibody or saline solution was intraperitoneally injected to 42 rats (Supplementary Table 1) . 40 Animals were caged individually in metabolic cages for urine sample collection. Individual 24-h urine samples collected from each rat were used for urine analysis. The amounts of urinary protein excretion and creatinine were measured by albumin assay kit (Wako, Tokyo, Japan) and the Jaffe assay, respectively. Rats were anesthetized with Avertin pentobarbitone and their kidneys were removed and processed for immunohistochemistry. Pure glomeruli were isolated by subjecting the rats to magnetic beads perfusion method as previously described. 38 To isolate pure glomeruli with intact Bowman's capsule, collagenase treatment was excluded. Isolated glomeruli were used for western blot analysis and reverse transcriptase-polymerase chain reaction (RT-PCR).
Experiment 2 was conducted to evaluate the effect of mTORC1 inhibitor on the progress of CGN. A total of 18 rats were subjected to the intraperitoneal injection of anti-GBM antibody as described above. Rats were subjected to administration of everolimus via gavage at a dose of 2.5 mg/kg body weight per day or a vehicle solution as control. In the early treatment (Figure 1 ), everolimus and vehicle solutions were administered on day 0, just after injection of anti-GBM antibody, and continued daily through day 6. On day 7, rats were killed and their kidney was then subjected to immunohistochemistry and isolation of glomeruli. In the late treatment (Figure 1 ), everolimus and vehicle solution were started 7 days after injection of anti-GBM antibody and continued through day 13 and the animals were then killed on day 14.
Experiment 3 was conducted to evaluate the effect of LAT inhibitor on the progress of CGN. A total of seven rats were subjected to the injection of anti-GBM antibody. LAT-inhibitor BCH (200 mM/100 g body weight per day) 41 or saline solution was intravenously injected into the rat tail vein from day 0 and continued through day 6. Animals were killed and their kidney was subjected to immunohistochemistry.
Immunohistochemistry
Samples from rat kidney cortex were fixed in 4% paraformaldehyde for 2 h at 41C, embedded in paraffin wax. The slides were subjected to autoclave heating at 1201C for 10 min, incubated with 1% H 2 O 2 /phosphate-buffered saline (PBS) for 30 min, and then treated with blocking buffer (3% BSA, 5% goat serum and 0.05% Tween-20 in PBS) for 60 min. Thereafter, slides were reacted with primary antibodies: anti-LAT1 (2.0 mg/ml), anti-LAT2 (2.0 mg/ml), anti-LAT3 (3.0 mg/ml), anti-4F2hc (4.0 mg/ml), anti-AKT1 phospho-specific (pS473) (1:100) or anti-phospho-S6 ribosomal protein antibody (1:75), and incubated overnight at 41C. After three washing steps with PBS, the slides were incubated with biotinylated secondary antibody and the immune complexes were detected by an avidin-biotin complex detection system (ABC KIT, Vector Laboratories, Burlingame, CA, USA).
Renal Histology
Rat kidney sections were fixed with 4% paraformaldehyde and deparaffinized, stained with periodic acid-Schiff (PAS) and examined by light microscopy. Ratio of cellular crescents and fibrinoid necrosis was determined by counting between 250 and 300 glomeruli per animal. Data were expressed as the means±s.e.m. Statistical significance of differences was calculated by the two-tailed Mann-Whitney U-test.
Immunofluorescence and Confocal Microscopy
The cell line (S2) stably expressing human LAT2 (S2-hLAT2) was previously described. 42 Cells were cultured in RITC 80-7 medium (IWAKI, Tokyo, Japan) containing 5% FBS, 500 mg/ml G418, 10 mg/ml transferrin, 0.08 U/ml insulin and 10 ng/ml recombinant EGF in a 331C incubator with an atmosphere of 5% CO 2 . Cells cultured on glass cover slips were fixed with 3% formaldehyde in PBS for 15 min at room temperature and reacted with anti-human LAT2 antibodies (1.0 mg/ml) for 60 min at room temperature. Immnunocomplex was visualized by Alexa Fluor 488-conjugated goat anti-rabbit IgG and phalloidin. Cells were examined under a confocal laser scanning microscope equipped with a krypton/argon laser (model MRC1024; Bio-Rad, Hercules, CA, USA).
Amino Acid Starvation Assay S2-hLAT2 cells and wild-type S2 cells were cultured in standard medium (RITC 80-7 medium containing HEPES buffer and NaHCO 3 without growth factors and FBS) for 17 h. Thereafter, cells were starved in PBS solution containing 1% glucose for 120 min. For specific inhibition of LAT2, cells were cultured in standard medium in the absence or presence of 20 mM of BCH in a time-dependent manner for up to 120 min. Cells were finally collected and their lysates were subjected to western blot analysis as described below.
Protein Extraction and Western Blot Analysis
Glomerular samples and cultured cells were lysed in ice-cold lysis buffer and isolation of total proteins was carried out as described. 38 Total protein content in each sample was measured by Bradford method. For western blot analysis, 50 mg of proteins were separated by SDS-PAGE using 4-20% gradient or 10% gels under reducing conditions. Proteins were transferred onto PVDF membranes by electroblotting and reacted with antibodies: anti-human and rat LAT2 (0.5 mg/ml, respectively), anti-rat 4F2hc (0.5 mg/ml), anti-phospho-S6 ribosomal protein (1:1000), anti-phospho-p70S6 kinase (1:1000), anti-p70S6 kinase, anti-phospho-4E-BP1 (1:1000), anti-4E-BP1 (1:1000), anti-VEGF (2 mg/ml); anti-AKT1 phospho-specific (1:1000) or anti-b-actin (1:1000). Protein bands were visualized by using HRP-conjugated secondary goat antibodies and a chemiluminescence kit (Life Science Products, Boston, MA, USA). Photosensitive films (BioMax XAR, Kodak, Rochester, NY, USA) were used to visualize protein bands. For semi-quantification of protein bands, films were scanned and band intensities were analyzed by the NIH Image software ver.1.63.
RT-PCR
Total RNA was obtained from isolated glomeruli and the rest of kidney cortex. The RT-PCR for rat LAT2 was carried out using sense primer 5 0 -TCATTGGCTCCGGAATCTTC-3 0 and antisense primer 5 0 -ATGCATTCTTTGGCTCCAGC-3 0 . Rat 4F2hc was detected by using sense primer 5 0 -CATGGTTCCT CCCTCCTCAG-3 0 and antisense primer 5 0 -GGAGAAGAGG CCAGATGAGG-3 0 ; and rat b-actin, by using sense primer 5 0 -GACAACGGCTCCGGCATGTGCA-3 0 and antisense primer 5 0 -ATGACCTGGCCGTCAGGCAGCT-3 0 . Total RNA (1 mg) was amplified under the following conditions: 25 cycles at 941C for 1 min, 581C for 1 min and 721C for 2 min. The size of PCR products were analyzed by electrophoresis on 1% agarose gels and their sequences were confirmed by direct Table 1) showing the comparison between early and late treatments of everolimus.
Role of LAT2 and mTORC1 in crescentic formation R Kurayama et al sequencing of each PCR product after purification from agarose gels.
Measurement of Everolimus Concentration
Trough level of everolimus concentration was determined by using ethylenediaminetetraacetic acid-anti-coagulated wholeblood samples that were collected from CGN rats on day 7 and control (vehicle) rats. Aliquots of whole blood were mixed with 2.5 vol. of protein precipitation reagent (methanol/acetonitrile 50%:50% (vol/vol) containing 100 ng/ml ascomycin, which was used as the internal standard), vortexed for 1 min and stored at À201C for at least 10 min. The tubes were again vortexed for 1 min and centrifuged at 20 000 g for 10 min, and the clear upper layer of supernatants were transferred into vials for liquid chromatography/mass spectrometry (LC-MS) consisted of a Shimadzu LCMS-2020 (Shimadzu, Tokyo, Japan) mass spectrometer and Prominence ultra-fast liquid chromatograph system (Shimadzu). The analytical column was a Shim-pack XR-ODS 75 mm Â 2.0 mm column from Shimadzu. The mass spectrometer was operated in the positive and negative electrospray ionization mode. Full-scan spectra were acquired over the mass range of 700-1050 a.m.u., and sodium, potassium and ammonium adducts, as well as deprotonated form were confirmed for each analyte. Single-ion-monitoring mode was 
RESULTS
Activation of mTORC1 Pathway in CGN Experiment 1 was investigated to determine whether mTORC1 pathway is involved in the pathogenesis of CGN. Rats were injected with anti-GBM antibody or saline (control) and the development of CGN was assessed by blood and urine examination and renal pathology followed for 7 days. Following the injection of antibody, the rats developed significant proteinuria on day 2 followed by heavy proteinuria and macrohematuria on day 5 and day 7, respectively ( Figure 2 ). Although no significant change of serum creatinine level between CGN rats and control rats was observed, CGN rats obviously showed the lower level of serum albumin compared with that of control rats (Supplementary Table 2 ). Two serial sections from the kidney cortex were subjected to immunohistochemistry for p-S6RP, an activated form of downstream protein of the mTORC1 cascade, and PAS staining, respectively. As depicted in Figure 3a , immunohistochemistry showed that p-S6RP could be detected even in the control glomeruli of some PECs (arrow) and podocytes (arrowhead). However, the intensity of p-S6RP was obviously increased especially in majority of PECs (arrow) 2 days after induction of glomerulonephritis, when no apparent cellular crescent or hypertrophy of glomerular epithelial cells could be detected yet. Interestingly, in the glomeruli on days 5 and 7, drastically increased expression of p-S6RP was detected in the cellular crescent lesions (asterisk).
To further verify whether activation of mTORC1 pathway is indeed involved in the pathogenesis of CGN, we next examined the inhibitory effect of an mTORC1 inhibitor everolimus on the crescent formation. To do so, we induced glomerulonephritis in rats and studied the effect of both early and late treatment of everolimus ( Figure 1 ). PAS staining revealed that rats receiving early treatment of everolimus had a lower ratio of cellular crescent lesions compared with the control group treated with vehicle solution (Figure 3b) . However, the ratio of glomerular fibrinoid necrosis in the everolimus-treated rats was significantly higher than that of vehicle group, indicating that there was no significant difference in the everolimus and vehicle-treated rats with respect to the ratio of intact glomeruli without extracapillary lesions (Figure 3b ). On the other hand, in the late treatment, in which rats were given everolimus, starting 7 days after the insult, it not only reduced cellular crescent formation in the glomeruli but also significantly rescued the number of intact glomeruli without extracapillary lesions (Figure 3b) . To confirm the actual existence of everolimus in the rat body of the present study, its trough level in the whole blood from total six rats subjected to early experiment was measured as described in the Supplementary Methods. The concentration in the whole blood from everolimus-treated rats was 22.9±3.2 ng/ml (mean±s.e., n ¼ 3), whereas that from vehicle-treated rats was not detectable (n ¼ 3), indicating that everolimus must have indeed exhibited its pharmacological action in the rat body. Moreover, immunohistochemistry showed that the intensity of p-S6RP in the cellular crescent lesion of CGN glomeruli was actually reduced by treatment with everolimus, suggesting that this drug might have directly effected on the diseased glomeruli (Figure 4a ). To further verify the evidence of action of everolimus on the diseased glomeruli, we utilized western blot analysis of p-S6RP by 
using glomeruli isolated by the modified version of the magnetic beads method in which collagenase treatment was excluded from the procedure to preserve the integrity of the Bowman's capsule. As shown in Figure 4b , whole glomeruli with intact Bowman's capsule could be isolated (arrow). Interestingly, this modified method also allowed us to isolate Role of LAT2 and mTORC1 in crescentic formation R Kurayama et al crescentic glomeruli from rats on day 7 (Figure 4b , arrowhead). Western blot analysis of these samples revealed an apparent increase of p-S6RP of CGN glomeruli on day 7 (Figure 4c ). When everolimus was administered, p-S6RP expression of CGN glomeruli was clearly abrogated ( Figure  4c ). These data strongly suggested a possible implication of mTORC1-mediated activation at an early stage of CGN. Unexpectedly, the outcome of everolimus in early treatment was worse than that of vehicle (Figure 3b ). It is known that mTORC1 signaling stimulates angiogenesis and therefore mTOR inhibitors could have an inhibitory role in the angiogenesis system. 43 The same samples from the isolated glomeruli were subjected to western blot study with VEGF. Expression of VEGF was upregulated in day 7 glomeruli of CGN rats compared with that of control rat glomeruli (Figure 4c ). In contrast, this increase of VEGF expression was abrogated when everolimus was administered into CGN rats (Figure 4c) , suggesting a protective role of VEGF interacted with mTORC1 in the integrity of diseased glomeruli of CGN.
Finally, we further verified the specific involvement of mTORC1 activation in the pathogenesis of crescent formation of CGN. Western blot analysis revealed that phospho-AKT1, 38 downstream of mTORC2, was also increased in the day 7 glomeruli of CGN compared with that of control glomeruli (Figure 5a ). However, immunohistochemistry showed that the increased expression of phospho-AKT1 was distinctly revealed in the proliferated mesangial cells (arrow), not in cellular crescent lesions (asterisk) (Figure 5b) , supporting the specific implication of mTORC1 activation in the pathogenesis of crescent formation. Role of LAT2 and mTORC1 in crescentic formation R Kurayama et al
Expression of LATs in Normal and Crescentic Glomeruli
We have previously shown podocyte-specific expression of LAT3 in both human and mouse glomerulus. 38 On the other hand, there has been no vigorous study showing the expression of LAT1 and LAT2 in the glomerulus. Therefore, we investigated the expression levels of LAT1, LAT2 and LAT3 in the isolated glomeruli and kidney sections. Western blot analysis revealed the presence of LAT1, LAT2 and LAT3 in the isolated glomerular extract of control rats, migrating as 42, 42 and 58 kDa protein bands, respectively (Figure 6a ). Knowing that all three LATs were expressed in normal rat glomeruli, we next examined the cellular localization of these LATs in the kidney sections of control and CGN rats. As shown in Figure  6b , immunohistochemistry showed that LAT1 was faintly detected in the cytoplasm of PECs and podocytes of control rats. The immunostaining intensity of LAT1, however, was increased in the kidney sections of CGN rats on day 7, although its subcellular granular pattern in the cytoplasm remained unchanged (Figure 6b , day 7, inset). Positive staining of LAT1 in the capillary endothelial cells of bloodbrain barrier 30, 31 further confirmed the specificity of the anti-LAT1 antibody (Figure 6b, control, inset) . A previous study showed a predominant expression of LAT2 at the basolateral membrane of proximal tubules. 37 Our immunohistochemistry confirmed the previous report and further revealed that LAT2 could also be found in the PECs and podocytes of normal (control) rat glomerulus (Figure 6b ). However, similar to LAT1, the glomerular expression of LAT2 was faint and limited to the cytoplasm (Figure 6b, control) . Interestingly, the relative expression of LAT2 in the glomeruli of CGN rats was significantly increased on day 7, especially in the cellular crescent lesions in which a plasma membrane distribution was also visible (Figure 6b, day 7, arrow, inset) . In contrast to both LAT1 and LAT2, the glomerular expression of LAT3 in the control rats was limited to the podocyte plasma membrane, as we previously reported. 38 There was no apparent increase in the levels of LAT3 in the crescent lesions of CGN rats (Figure 6b, arrow, day 7) . These findings suggested that, among the LATs studied here, only the expression of LAT2 was noticeably affected during the 7-day course of the study and, thus, LAT2 may exert some functional role in the activation of mTORC1 during the crescent formation.
A common molecular characteristic shared by LAT1 and LAT2 is that both form heterodimeric complex via disulfide bonds with 4F2hc that is required for the localization of LAT1 and LAT2 in the plasma membrane.
27,37 Therefore, we next examined the immunolocalization of LAT2 and its ligand glycoprotein 4F2hc in the kidney sections of CGN rats. In the glomeruli of control rats, LAT2 was moderately expressed in the cytoplasm of PECs and podocytes, whereas 4F2hc was faintly detectable in these cells (Figure 7a ). On day 2 after the insult, the intensity of LAT2 expression in the PECs and podocytes was increased and its subcellular localization partly shifted to the plasma membrane (Figure 7a ). Although we did not find any change in the expression levels of 4F2hc in the PECs and podocytes on day 2, we could see some shift in its subcellular localization from cytoplasm to the plasma membrane (Figure 7a ). When cellular crescents appeared on day 7, however, expression of both molecules in the plasma membrane of PECs and podocytes in the crescent drastically increased and its localization was clearly shifted to the plasma membrane (Figure 7a, day 7) . Using RT-PCR on total RNA isolated from glomeruli of the same rats, we further confirmed the increase of LAT2 and its ligand 4F2hc at the mRNA level. As shown in Figure 7b , the relative mRNA levels of both LAT2 and 4F2hc in the glomeruli were significantly increased on day 2 and day 7, although their expression in the rest part of the kidney cortex after isolation of glomeruli remained relatively unchanged (Figure 7b ).
Activation of mTORC1 in Cells Expressing LAT2
As described earlier, BCAAs are known to be potent intracellular stimulators of mTORC1 activation. [21] [22] [23] 44 Our current data, thus far, clearly pointed to an interrelationship between activation of mTORC1 pathway and upregulation of LAT2 in the glomeruli of rats at 2 days after the induction of CGN before histological signs of crescent formation. However, whether upregulation of LAT2 itself could lead mTORC1 activation was not clear because there has been very few data showing that existence of amino acid transporter on the plasma membrane itself could function as a direct entrance that activates mTORC1 cascade. To address this question, we next examined whether the presence and activity of LAT2 on the plasma membrane triggers activation of mTORC1. As there was no available cell line expressing endogenous LAT2 on the plasma membrane, we tested an amino acid starvation experiment by using the S2-hLAT2 cells, a cell line stably expressing recombinant human LAT2. 42 We first confirmed the expression and the plasma membrane localization of LAT2 in this cell line by western blot analysis and surface immunofluorescence staining, respectively. As shown in Figure 8a , western blot analysis of cellular extracts from S2-hLAT2 cell line clearly showed the presence of human LAT2 migrating as a 45-kDa protein. As expected, LAT2 could not be detected in the protein extracts of the wild-type Role of LAT2 and mTORC1 in crescentic formation R Kurayama et al Figure 6 For legend please see page 999.
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Role of LAT2 and mTORC1 in crescentic formation R Kurayama et al S2 cell line (Figure 8a ). Confocal microscopy of surface immunofluorescence-stained cells further confirmed the plasma membrane localization of LAT2 in the S2-hLAT2 cell line but not in the wild-type S2 cells (Figure 8b) . We next performed the mTORC1 assay by subjecting the S2-hLAT2 cells to amino acid starvation experiment. Cell lysates were subjected to western blot analysis to examine the activation of mTORC1 pathway by quantifying the degree of downstreams of mTORC1, phosphorylation of p70S6K and 4E-BP1 molecules. Figures 9a and b showed the timedependent changes of activation with p70S6K and 4E-BP1 as a ratio of their phosphorylated forms over their nonphosphorylated forms in the absence or presence of the LAT2-inhibitor BCH. This analysis clearly showed that, in the absence of LAT2-inhibitor, activation of both proteins in the S2-hLAT2 cells started as early as 30 min and markedly increased by time up to 120 min (Figures 9a and b) . However, this apparent increase in protein phosphorylation and activation was significantly abrogated in the presence of LATinhibitor, indicating that LAT2 is most likely to function as an upstream of mTORC1-mediated activation.
Inhibitory Effect of LAT Inhibitor on Crescent Formation
Finally, to further verify a direct evidence of the role of LAT2 as one of initiators leading to crescent formation of CGN, we examined the inhibitory effect of BCH in CGN rats. BCH is a reagent that specifically inhibits the activity of LAT1 and LAT2. However, on the basis of the data described above, LAT1 is not likely to function as an upstream of mTORC1 activation in CGN. Thus, BCH seems to inhibit only LAT2 function in CGN kidney. As depicted in Figure 10 , treatment with BCH in CGN rats clearly reduced the ratio of cellular crescent on day 7 glomeruli when compared with glomeruli of rats injected by saline solution as control. Moreover, interestingly, BCH treatment did not increase the ratio of fibrinoid necrosis (Figure 10 ), which was different from the data that everolimus early treatment rather increased fibrinoid necrosis in the CGN glomeruli (Figure 3b ).
DISCUSSION
The mTOR is an evolutionarily conserved Ser/Thr protein kinase that forms a catalytic core of at least two functionally distinct signaling complexes, mTORC1 and mTORC2. 45 These complexes contain both unique and shared protein partners that collectively control many cellular processes in response to environmental stimuli such as growth factors and nutrients. Although mTORC2 is known to control actin cytoskeleton organization in a rapamycin-independent pathway, mTORC1 senses and integrates diverse extra-and intracellular signals to promote cell growth and proliferation Role of LAT2 and mTORC1 in crescentic formation R Kurayama et al in a rapamycin-sensitive manner. Modulation of cellular growth and proliferation by mTORC1 is achieved via phosphorylation of downstream effectors: p70S6K, 4E-BP1 and S6-RP. 46, 47 It is increasingly evident that elevation in the intracellular levels of BCAAs stimulates phosphorylation of these molecules, whereas deprivation of such amino acids promotes dephosphorylation of them. 21, 23, 44 However, mechanisms by which mTORC1 can sense changes in the levels of amino acids remain largely elusive.
The involvement of mTORC1 activation in the pathogenesis of several glomerular diseases has been reported, showing that ischemia-reperfusion injury stimulates mTOR activity and inhibition of mTOR pathway by rapamycin delays renal recovery. 48, 49 Several studies have also suggested that mTOR activation has a crucial role in the pathogenesis of kidney hypertrophy and increase of matrix proteins in the GBM in diabetic nephropathy. 50, 51 However, to our knowledge, there has been only one report on the role of mTOR activation in anti-GBM nephritis showing that pretreatment of rapamycin protected glomerular injury through affecting T-and B-cell activation. 52 However, the typical glomerular change in their animal model was severe mesangial expansion and not CGN. Role of LAT2 and mTORC1 in crescentic formation R Kurayama et al A major finding in the present study is that activation of mTORC1 pathway commenced in the glomerular PECs and podocytes before apparent crescent formation and increased in the crescent lesion itself of CGN (Figure 3a) . Moreover, upregulation of LAT2 and its ligand 4F2hc also commenced in both glomerular epithelial cells before the crescent formation and further increased in the crescent lesions ( Figures  6 and 7) . These data suggest that coordination of upregulated LAT2 and 4F2hc and activation of mTORC1 signaling pathway in the glomerular epithelial cells may underlie a possible pathomechanism of crescent formation in CGN. Interestingly, we found that both LAT2 and 4F2hc exist even in the normal glomerular epithelial cells, but were localized in the cytoplasm. However, before crescent formation after glomerular injury, both LAT2 and 4F2hc of PECs and podocytes were revealed in the plasma membrane. This suggests that LAT2 may not function as amino acid transport in the normal glomerular epithelial cells, but rather becomes immediately active once it relocated to the plasma membrane of PECs and podocytes even at the early stage of CGN after glomerular insult. Then a question arose as to what is a mechanism by which LAT2 and 4F2hc were upregulated and relocated and how mTORC1 was activated in the glomerular epithelial cells in CGN. Figure 11 shows our hypothesis for this question. It has been shown that interleukins-2 and -3 stimulate the surface expression of 4F2hc of mammalian cells. 53, 54 and that the levels of LAT1 and 4F2hc are upregulated in the activated T-cells as compared with quiescent T-cells. 55 As 4F2hc is a key ligand glycoprotein required for the localization of LAT2 in the plasma membrane, 27, 37 it is very likely that at first circulating cytokines and growth factors through ruptured GBM upregulated 4F2hc and LAT2 and subsequently stimulated the plasma membrane expression of 4F2hc (Figure 11, a) . This 4F2hc expression in the plasma membrane appears to be crucial for LAT2 that can exist and function in the plasma membrane as an amino acid transporter (Figure 11, b) .
Our amino acid starvation assay of cells expressing LAT2 further showed that the presence in the plasma membrane of LAT2 was essential for an increased phosphorylation of the downstream effectors of mTORC1 (p70S6K and 4E-BP1), whereas specific inhibition of LAT2 led to an inhibition of phosphorylation ( Figure 9 ). This is also consistent with the recent finding demonstrating that the amino acid leucine can induce phosphorylation and activation of p70S6K in cortical neurons via activation of LATs. 56 Thus, it is most likely that Figure 10 Protective effect of BCH on the progression of CGN. BCH was administered at day 0 just after injection of anti-glomerular basement membrane (GBM) antibody. Histogram shows summary of renal injury analysis presented as ratio of cellular crescent and glomerular fibrinoid necrosis. Figure 11 Possible signaling pathway underlying pathogenesis of crescentic glomerulonephritis. In the normal glomerular parietal epithelial cells and podocytes (stage 1), L-type neutral amino acid transporter (LAT)2 may not be involved in the normal amino acid homeostasis. In an early stage of disease (stage 2), cytokines and growth hormones act directly on mammalian target of rapamycin complex 1 (mTORC1) signaling pathway. Cytokines and growth hormones in addition to activated mTORC1 pathway upregulated LAT2 and its ligand 4F2hc. Subsequently, the complex of LAT2-4F2hc is relocated to the plasma membrane and increases the influx of amino acids (stage 2). This leads to the activation of mTORC1 signaling pathway, which results in cell hypertrophy, proliferation and crescent formation in the glomerulus. Treatment with mTORC1 inhibitor everolimus at a later stage can slow down the progression toward cellular lesions.
Role of LAT2 and mTORC1 in crescentic formation R Kurayama et al presence of LAT2-4F2hc in the plasma membrane of PECs and podocytes is crucial for induction of mTORC1 activation (Figure 11, c) . Moreover, the fact that TOR controls the expression and trafficking of yeast nutrient transporters 57 strongly suggests that mTORC1 activation itself may further stimulate and maintain the expression and functional activation of LAT2-4F2hc complex in the plasma membrane in a paracrine manner (Figure 11, d ). mTORC1 is also induced by cytokines and growth factors, as well as amino acids. 43, 45 This suggests a potential cascade by such molecules, directly inducing mTORC1 during the progress of CGN (Figure 11, e) . Increased LAT2 activity and these stimuli from cytokines and growth factors may consequently result in activation of mTORC1 pathway at stage 3, which subsequently leads to cell growth and proliferation and crescent formation. At this stage 3, treatment with everolimus can prevent cellular proliferation and maintain intact glomeruli. But, we found that early treatment with everolimus led to an increase in the cellular necrosis of the glomerular PECs. Although this result may seem paradoxical, it could suggest that premature treatment with everolimus might thoroughly disrupt protein synthesis system through affecting mTORC1 pathway at the stage 2 ( Figure 11 , stage 2, e). This pathway must be essentially required for a flexible system of protein synthesis opposing insult in glomerular PECs of the early stage of CGN. Therefore, it is also speculated that hypertrophy and proliferation of glomerular PECs may be one of the protective phenomena to overcome insult. Interestingly, LAT-specific inhibitor BCH protected the progress of cellular crescents and further did not increase fibrinoid necrosis of CGN unlike everolimus treatment ( Figure 11 ). BCH is not likely to inhibit protein synthesis system itself. Although there has been no study with regard to the nutritional transport system in glomerular epithelial cells except our previous 38 and present data, it could suggest that many complicated transport systems of nutrition compensated the lack of LAT2 function in PECs of CGN. More studies are required to investigate the dose-and timedependent effects of everolimus as a possible candidate of therapeutic agents for CGN.
